Changes in mRNA activity in tips of harvested asparagus spears (Asparagus officinalis L.) held in light or dark for up to 48 h at 20'C were investigated as an initial step in elucidating the genetic response of asparagus spears to harvest. Total RNA was isolated from 30-mm tips of spears 180 mm in length at 0, 6, 12, 24, and 48 h after spear harvest and translated in vitro, and translation products were separated using both sodium dodecyl sulfate-polyacrylamide gel electrophoresis and two-dimensional polyacrylamide gel electrophoresis. We detected 25 consistent changes in translatable mRNAs, involving both increase and decrease in mRNA abundance. The majority of the changes occurred within 12 h of harvest. Most of the changes were not light regulated. cDNA libraries were constructed from polyadenylated mRNA extracted from tips of spears at harvest (0 h) and after 12 h in the dark at 20"C. Differential hybridization screening of the cDNA libraries isolated nine cDNA clones whose corresponding transcripts had altered expression after harvest. Investigations of mRNA activity during spear development demonstrated that the changes detected were harvest related. Possible roles for the mRNAs corresponding to the isolated clones in tips of harvested spears are discussed. Molecular studies, especially those concerning fruit ripening (3, 26) and flower senescence (16, 31) 
Molecular studies, especially those concerning fruit ripening (3, 26) and flower senescence (16, 31) , have contributed greatly to the understanding of processes occurring in horticultural crops after harvest. In particular, research conceming gene expression during tomato fruit ripening has helped unravel the underlying regulatory mechanisms, as well as provide opportunities for modifying the ripening characteristics of the crop (26) . Most studies, however, have concentrated on mature tissues, and there has been little molecular work on tissues such as lettuce leaves, broccoli flower heads, and asparagus shoot tips, which are actively growing at the time of harvest. Organs harvested while still growing are placed under considerable stress and, being unable to maintain metabolic homeostasis, senesce rapidly (10) . Asparagus vor changes, and losses of Chl, ascorbic acid, soluble carbohydrate, protein, and amino acids (13, 19, 30) . Tips of harvested spears are usually the first part of the spear to show symptoms of physiological change (13, 14, 18) . Within 48 h of harvest, respiration rate of tips declines markedly, protein is lost, free amino acids increase, and ammonia starts to accumulate (14) . Subsequent tissue deterioration renders the tips unappealing to consumers. Tips may also exert a regulatory influence on the physiology of the remainder of the harvested spear by acting as a sink for metabolites (25) . An understanding of the underlying genetic changes occurring in tips of harvested spears may contribute to understanding the nature of the deterioration process.
Experiments investigating changes occurring in horticultural crops after harvest commonly include harvesting plant material in the light and holding it in the dark to simulate commercial handling conditions. Light regulates the expression of many genes (28) , and the effects of a changed light environment need to be accounted for in studies of gene expression after harvest of horticultural crops.
We report here changes in translatable mRNA populations Translation products were fractionated by both one-and two-dimensional PAGE. One-dimensional SDS-PAGE was performed on 12 to 17% acrylamide gradient gels as described before (6) Poly(A)+ mRNA was prepared from total RNA from 0-and 12-h dark-held spear tips by two passes through oligo(dT)-cellulose columns (mRNA Purification Kit, Pharmacia) as described in the product literature. Double-stranded cDNA was synthesized from 2 ,gg of poly(A)+ mRNA using a cDNA Synthesis Plus Kit (Amersham) following the manufacturer's instructions. Oligo(dT) was used as the synthesis primer. Double-stranded adapters, containing BamHI, KpnI, and EcoRI (Amersham) restriction sites, were ligated to the cDNA using T4 DNA ligase (New England Biolabs, Inc.). Unligated adapters were separated from the cDNA using a Qiagen tip-5 (Diagen). The cDNA was 5' phosphorylated using T4 polynucleotide kinase (New England Biolabs) and ligated into EcoRI-cleaved, dephosphorylated XgtlO (Amersham, O-h cDNA) arms or XZAPII (Stratagene, 12-h cDNA) arms. The ligation mixture was then packaged into bacteriophage using GigapackIl (Stratagene) packaging extracts, following the manufacturer's instructions, to produce the final X-library stocks. Packaged XgtlO were plated on NM514 or L87 cells, and XZAPII packaged phage were plated on XL1-Blue or DH5aF' cells. The 0-h cDNA library comprised 5 X 106 recombinants and the 12-h library comprised 1. 5 [v/v] formaldehyde) and transferred to Hybond N+ (Amersham) membranes using an alkali-blotting procedure as described in the product literature.
For dot blot hybridization, total RNA (10-25 ,g) was denatured and applied to Hybond N+ (Amersham) membrane by vacuum blotting as described in the membrane product literature.
Blots were hybridized and visualized as described for cDNA library screening. cDNA probes for northern blot hybridization were synthesized by nick translation (BRL nick translation kit). cDNA probes for dot blot hybridizations were synthesized with [32P]dCTP by a random-priming system (Pharmacia).
RNA loadings were equalized by hybridization with a cDNA probe to asparagus tip 25/26S rRNA (pTIP6; K.M. Davies, unpublished data). The size of mRNA transcripts was estimated by comparison of the position of the hybridization signal with a 0.16-to 1.77-kb RNA ladder (BRL). axillary buds, and outer bract scales (Fig. 1) . These tissues are present in approximately a 2:1:1 (w/w/w) ratio per tip.
RESULTS
In vitro translation products of RNA extracted from axillary bud tissue and shoot ground tissue at the time of harvest were very similar, although both differed from products synthesized from bract mRNA (Fig. 2) . RNA yields were 0.3 mg g-1 fresh weight from the shoot ground tissue, 2.5 mg g9-fresh weight from the developing axillary buds, and 0.06 mg g-' fresh weight from the bract tissues. These data suggest that RNA obtained from whole tip sections predominantly comes from the immature developing tissues. The majority of the translation products detected were common at all times after harvest, in both light and dark; however, a number of specific changes were detected (Figs.
3-5)
. One-dimensional SDS-PAGE revealed three translation product bands (mol wt 60,000-68,000) that increased in expression 12 to 24 h after harvest, one band (mol wt 46,000) that progressively decreased after harvest, and one band (mol wt 62,000) that was detected only in the light at 48 h after harvest (Fig. 3) . One band, migrating at mol wt 28,000, varied in expression between individual samples.
Many more translation products were resolved by twodimensional PAGE, enabling identification of 25 consistent changes in individual translatable mRNAs (Figs. 4 and 5) . Four of these changes (Fig. 4, spots 14, 21, 22, and 23) only occurred in the light, and of these, two (Fig. 4, spots 22 and 23) increased in expression. In addition, there were two darkspecific mRNA changes, both having decreased expression (Fig. 5, spots 24 and 25) . The remaining 19 translation products were similarly expressed in light and dark.
Of the translatable mRNAs showing altered expression in both light and dark, the expression of 10 was enhanced after harvest (Figs. 4 and 5, spots 1-7 and 15-17) , whereas the remaining 9 were down-regulated (Figs. 4 and 5 , spots 8-12 and 18-20) .
Changes in mRNA abundance were detected 6 h after harvest (Figs. 4 and 5, spots 1 and 2). The majority of the changes were detected by 12 h (Figs. 4 and 5) . Holding spears in the dark after harvest hastened the down-regulation of specific mRNAs (Fig. 5, spots 8, 10 , 16, and 17) but delayed changes in expression of others (Fig. 5, spots 1 and 2) .
A group of high mol wt translatable mRNAs shifted in isoelectric point 6 h after harvest in both light and dark (Figs. 4 and 5, inset). These mRNAs later decreased in abundance at 24 h and had largely disappeared by 48 h (Figs. 4 and 5 ).
69-0c-)_\_ Translation products (300,000 cpm per gel) were separated by IEF (pH range 4-9) in the first dimension followed by SDS-PAGE on 12 to 17% gels in the second dimension, and the translation products were detected by fluorography. Bars on the left indicate the positions of 14C-labeled mol wt marker proteins (in thousands). Closed triangles identify translation products from mRNAs that increased in abundance after harvest, at the onset of increase. Open triangles mark products from mRNAs whose abundance decreased after harvest, at subsequent storage time(s). Closed stars indicate light-specific changes. Inset shows enlargement of area shown in 6-h fluorograph at 0, 6, and 48 h, indicating a rapid shift of apparent isoelectric point and later disappearance of a set of high mol wt (in thousands) translation products. The circle indicates a translation product from an mRNA whose expression remains relatively constant after harvest.
Differential Hybridization Screening of cDNA Libraries
To further characterize the changes in mRNA activity occurring in tips of harvested asparagus spears, cDNA libraries were constructed from mRNA extracted from tips of spears at harvest (0 h) and from spears held for 12 h in the dark at 200C. Twelve hours was chosen as the time for constructing the second cDNA library because the major changes in translatable mRNA activity had occurred by this time. Darktreated spears were selected to make the data comparable with physiological and biochemical studies of this system (13, 14, 18) .
Differential hybridization screening of the cDNA libraries resulted in the isolation of nine cDNA clones, which were assigned the identification code pTIP. Northern RNA blot hybridization analyses confirmed that these clones encoded corresponding mRNAs with altered expression after harvest (Fig. 6, Table I ). It is unlikely that any of these clones were siblings because their corresponding mRNAs all had dissimilar patterns of expression after harvest (Fig. 6) , and preliminary sequence analysis has shown that they contain nonhomologous sequences at their 3' ends (data not presented).
Transcripts corresponding to four of the isolated clones were up-regulated after harvest (pTIP9, pTIP10, pTIP1 1, and pTIP12) and four were down-regulated (pTIP13, pTIP14, pTIP20, and pTIP21). Many of the changes in transcript abundance were detected 6 h after harvest (pTIP9, pTIP11, pTIP12, pTIP13, and pTIP20), the first sampling time after harvest. pTIP19 transcripts were down-regulated in light but showed variable expression in the dark (Fig. 6) Figure 5 . Two-dimensional fractionation of in vitro translation products of RNA from tip sections of harvested asparagus spears held in the dark for up to 48 h at 20'C. Closed triangles identify translation products from mRNAs that increased in abundance after harvest, at the onset of increase. Open triangles mark products from mRNAs whose abundance decreased after harvest, at subsequent storage time(s).
Closed stars indicate dark-specific changes. Inset shows enlargement of area shown in 6-h fluorograph at 0, 6, and 48 h, indicating a rapid shift of apparent isoelectric point and later disappearance of a set of high mol wt (in thousands) translation products. The circles indicate a translation product from an mRNA whose expression remains relatively constant after harvest. Experimental details are the same as those given in legend to Figure 4 .
diurnal changes in tips of spears growing in the field, changes in tips of spears of different heights (tip developmental change), and changes in mRNA activity in different sections of 180-mm spears (maturation-related responses). Transcripts corresponding to pTIP9 and pTIP12 were highly expressed in tips of spears only after harvest, and these transcripts had only low expression in middle or butt sections of spears at harvest (Fig. 7) . pTIP10 transcripts were more highly expressed in middle than tip sections of spears at harvest and more highly expressed again in the butt sections (Fig. 7) . These data suggest that pTIP10 transcripts may be up-regulated in tips of harvested spears by signals common to the harvest process and those related to processes accompanying tissue maturation. pTIP10 transcripts were also more highly expressed in tips of short (40 and 110 mm) rather than longer (180 and 250 mm) cDNA clones of transcripts that were down-regulated after harvest showed diverse patterns of expression during spear development. pTIP13 transcripts underwent diurnal cycling in tips of spears in the field, transcript abundance being lowest at 6Am and highest at 6 Pm (Fig. 7) . Transcripts of pTIP 13 were also more abundant in middle sections of spears than in tips or butts at harvest, and abundance in tips declined as spear height increased from 40 to 180 mm. These data show that down-regulation of pTIP13 transcripts in tips of harvested spears did not occur in any other of the developmental situations examined.
Four clones (pTIP14, pTIP19, pTIP20, and pTIP21), whose corresponding transcripts were down-regulated after harvest, had similar patterns of expression in each of the developmental situations examined. Transcript abundance was unchanged during diurnal sampling or in tips of spears of different heights. All had reduced expression in middle compared with tip sections of spears at harvest and less again in (25 ,g ) was separated by electrophoresis in formaldehyde-containing 1.3% (w/v) agarose gels. RNA was transferred to Hybond N+ (Amersham) membranes using an alkaline-blotting procedure. Transcript abundance was detected after hybridization to a 32P-labeled cDNA probe and visualization by autoradiography. butt sections. These data suggest that down-regulation of transcripts corresponding to these clones in tips of harvested spears may be in response to signals common to -he harvest process and those related to processes accompanying tissue maturation.
These studies showed that the changes in abundance of transcripts corresponding to all the isolated clones after harvest were harvest related, i.e. the changes did not occur in intact spears as a consequence of diurnal changes in mRNA activity or as developmental changes in tips as spears grew from 180 to 250 mm high in the field (Fig. 7) (Figs. 4 and 5) . Alterations in mRNA in vitro translation products have been demonstrated during the ripening of fruit (2,) and the senescence of flowers (31) and leaves (7, 11, 20) . Changes of a similar magnitude were found here.
Light regulates the expression of many genes (28) . To investigate the effects of light regulation, we compared changes in mRNA activity in tips of harvested spears held in either light or dark. Of 25 consistent changes in translatable mRNA activity detected, only six were related to the light environment (Figs. 4 and 5) . Similar results were found with the isolated cDNA clones, with only one clone (pTIP19) having light-regulated expression of its corresponding mRNA (Fig. 6 ). This contrasts with leaf senescence, in which many of the changes observed during dark-induced senescence are light regulated (12, 20 Differential hybridization screening of the 0-and 12-h cDNA libraries resulted in the isolation of nine cDNA clones whose corresponding mRNAs had altered expression after harvest (Fig. 5) . The changes observed in mRNA activity were harvest related in tips of spears, i.e. the changes did not occur in tips during normal development in the periods investigated.
Many of the changes in mRNA activity occurred quickly. The majority of changes in translatable mRNAs were detected by 12 h after harvest (Figs. 4 and 5) , and several cDNA clones had major changes in transcript abundance 6 h after harvest (Fig. 6 ). These changes precede many of the known physiological events occurring in tips of harvested asparagus spears, e.g. net protein loss, ammonia accumulation, and loss of cellular compartmentation (14) . Thus, the changes in mRNA activity detected support physiological data suggesting that harvest of asparagus spears does not induce a gradual decline but, rather, initiates a series of rapid and dramatic responses in the immature cells of the tip section (14) . Three clones (pTIP9, pTIP12, and pTIP13) had harvestrelated changes in expression of their mRNAs that were not observed in any of the other developmental situations examined (Fig. 7) . Transcripts corresponding to pTIP9 and pTIP12 were strongly up-regulated after harvest, whereas transcripts corresponding to pTIP13 were down-regulated.
Harvesting asparagus imposes a series of stresses on the spear, including physical wounding and separation of the spears from their nutrient and hormone source (the crown). Transcripts corresponding to the cDNA clones up-regulated after harvest may code for enzymes involved in the subsequent deterioration process. Alternatively, they may represent a more direct stress response by the spear.
Preliminary nucleotide sequence analysis has established that pTIP12 encodes asparagine synthetase (K.M. Davies and G.A. King, in preparation). The route of asparagine synthesis in asparagus has been the subject of much debate (4). The up-regulation of asparagine synthetase mRNA at 6 h precedes accumulation of asparagine at 12 to 24 h (14) . This strongly suggests that asparagine synthetase is responsible for the synthesis of asparagine in tips of harvested spears.
Asparagine is often synthesized in plants as a nitrogen transport compound (27) , and it can also be synthesized as a detoxification product in conditions of ammonia stress (8, 27) . The functional significance of asparagine accumulation in tips of harvested asparagus spear has yet to be determined.
Tip sections of asparagus spears pass through a series of physiological and biochemical changes after harvest, as cells cease active, rapid growth, proceed through a brief maintenance period, and then undergo deteriorative changes (14, 18) . Down-regulation of transcripts corresponding to at least three of the clones isolated in our study (pTIP14, pTIP20, and pTIP21) may be related to the cessation of active growth, because mRNA activity for these clones was lower in midsections than in tips of spears at harvest and lower again in butts of spears (Fig. 7) .
Several environmental stresses (e.g. heat, cold, wounding, anaerobiosis, salt, and water deficit) induce changed gene expression in plants (9, 22, 24) . Some of the mRNA changes that we detected could occur in response to water stress, which would commence immediately after harvest. It would be particularly interesting to examine the effects of ABA treatment on spear tip gene expression.
To our knowledge, this is the first report characterizing changes in mRNA activity after harvest in a tissue that was actively growing, involving both rapid cell division and expansion, at harvest. We are currently analyzing the changes further by nucleotide sequence analysis of the cDNA clones and further characterizing the temporal and spatial expression of mRNAs corresponding to the isolated clones. 
